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Microstructural Evolution and Properties of a Hot Extruded
and HPT-Processed Resorbable Magnesium WE43 Alloy**
By Dexue X. Liu,* Xin Pang, Denglu L. Li, Chenggong G. Guo, Jittraporn Wongsa-Ngam,
Terence G. Langdon and Marc A. Meyers
Disks of an extruded magnesium WE43 alloy are processed by high-pressure torsion (HPT) and the
evolutions of microstructure and mechanical properties are investigated in detail. Excellent grain
refinement is achieved by HPT processing with a reduction in grain size from an initial value of
�12mm to a final value of �200–300 nm after 10 turns. The microhardness increases significantly
with HPT processing but low hardness values are recorded at the centers of the disks. The tensile
strength initially increases and then decreases while the elongation decreases. Observations of the
fracture surfaces reveal a corresponding transition of the fracture mode from ductile to brittle.
1. Introduction mechanical compatibility compared with other biomaterials
such as polymers and ceramics, especially regarding in vivo
Magnesium alloys have received considerable attention

over the last two decades because of their potential as
biomaterials due to their excellent biocompatibility and
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cardiovascular disease treatment.[1,2] In practice, polymers
and ceramics generally fail to provide sufficient strength,
ductility, or compatibility in clinical applications.[3,4] There
have been numerous attempts to achieve superior biomedical
metals using approaches such as alloy design and preparation
and through modifications to the mechanical properties,[5–9]

corrosion resistance, and through surface modification.[10,11]

However, it is difficult with magnesium alloys to achieve
precise plastic deformation because of their poor ductility due
to their hexagonal crystal structure and limited number of
active slip systems. As a consequence, the application of
magnesium alloys tends to be limited and it is necessary,
therefore, to introduce new metal forming technology to
improve the mechanical properties of these materials.

It is now well established, that fine grain strengthening
may be used to improve the mechanical properties of these
alloys by introducing changes in their microstructure.[12] For
biodegradable magnesium alloy stents, it is important to
improve the strength, hardness and toughness, and also to
simultaneously improve the forming capability.

Significant grain size refinement may be achieved by
subjecting materials to severe plastic deformation (SPD).[13–17]

This approach can produce an ultra-fine crystal structure and
even a nanocrystalline structure under optimum conditions,
thereby, leading to improvedmechanical properties in terms of
the Hall-Petch relationship.[18] Equal-channel angular pressing
(ECAP) and high-pressure torsion (HPT) are two of the most
attractive SPDprocessing techniques, where ECAPdenotes the
pressingofabar throughadie constrainedwithina channel that
isbent throughanabruptangle, andHPTdenotesplacingadisk
in depressions between twomassive anvils and then subjecting
erlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (1 of 8) 1600698



Fig. 1. The position of the tensile samples in the processed disk and size.

D. Liu et al./Microstructure Evolution of HPT-Processed Resorbable WE43 Alloy

F
U
L
L
P
A
P
E
R
 to a pressure, P, and concurrent torsional

straining.[19,20] Generally, HPT is now con-
ducted under quasi-constrained conditions,
where thedisks have diameters of�10–20mm
and thicknesses of�0.8mm, and there is some
limitedoutflowofmaterial around the periph-
ery of the disk during the processing opera-
tion.[21] Several results have now established
that,bycomparisonwithotherSPDtechniques
including ECAP, processing byHPT produces
materials havingboth smallergrain sizesanda
higher fraction of grain boundaries having
high angles of misorientation.[22,23] Neverthe-
less, many of the reports for HPT processing
are based on fcc and bcc materials and the
microstructures and properties of hexagonal
close-packed materials have received less
attention because of the weaker plasticity of
these materials.

The present investigation was initiated
to study the properties of a WE43
(Mg–4.2Y–2.4Nd–0.6Ce(La)–0.5Zr) alloy,
prepared by vacuum melting and then
subjected to hot extrusion and SPD proc-

essing by HPT. Very significant grain refinement was
achieved using this processing sequence and the material
was, then, examined to evaluate the microstructural
evolution and the mechanical properties of the HPT-
processed alloy by comparison with the as-extruded

material.
Fig. 2. SEM photographs of the WE43 alloy: (a) showing the initial as-extruded sample; (b) and (c) showing the
structure after HPT processing for 5 and 10 turns, respectively; and (d) showing EDS after HPT processing for 10
turns.
2. Experimental Material and Procedures

2.1. Preparation of Materials
The composition of the alloy was Mg–

4.2wt%Y–2.4wt%Nd–0.6wt%La(Ce)–0.5%
Zr alloy. Commercial purityMg (99.99wt%),
Mg–20wt%Y,Mg–20wt%Zr,Mg–20wt%Nd,
and Mg–20wt%Ce(La) intermediate alloys
were melted in a vacuum induction furnace
(LanzhouUniversity ofTechnology,China) at
a temperature of 800 �C in a protective high
purity argon atmosphere. A homogeneous
annealing treatment was performed at
400 �C for 4 h. Then, the cast ingot was
machined into a cylindrical plate with a
diameter of 72mm and height of 20mm after
the oxide skin was removed.

2.2. Hot Extrusion
The extruded rods were obtained at an

extrusion speed of 4mms�1 using a 3150kN
hydraulic pressure squeezing facility
(Tianduan Press Co. Ltd. China).The extru-
sion die was heated to a temperature of
400� 5 �C together with the sample to ensure
1600698 (2 of 8) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
they were in an isothermal state prior to extrusion. The as-
extruded rod diameter was 12mm representing an extrusion
ratio of 36:1, where the initial diameter was 72mm. Subse-
quently, the extruded material was machined into rods with
diameters of 10mm.
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2017, 19, No. 3, 1600698



Fig. 3. X-ray diffraction patterns consist of as-extruded and the disks of WE43 by HPT
for 5 and 10 turns.
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2.3. HPT Deformation
The initial rods with diameters of 10mm

were annealed at 400 �C for 4 h and, then, cut
into disks with diameters of 10mm and
thicknesses of 0.8mm. These disks were
processed by HPT at room temperature using
a quasi-constrained HPT facility. This proce-
dure was performed for numbers of revolu-
tions, N, of 5 and 10 turns under an imposed
constant hydraulic pressure of 6.0 Gpa, and a
constant rotational speed of 1 rpm.
2.4. Microstructural Characterization
The microstructures of all samples and the

elemental distributions were examined using a
scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (SEM-
EDS, QUANTA-450FEI, USA) after polishing
and etching with a mixture of 4ml nitric acid
and 96ml ethanol (�99.7%). The internal
microstructures were examined by transmis-
sion electron microscopy (TEM, JEM-2010,
Japan)and by recording selected area electron
diffraction (SAED) patterns. First, the TEM
samples were mechanically polished to
�40mm. Second, 3mm foils were cut from
the mid-radius positions of the HPT disks.
Finally, thinning was undertaken using 5 kV
Arþ ions and an angle of 4� from both sides,
until perforation. The constituent phases of the
extruded samples and the HPT disks were
examined by X-ray diffraction (XRD, D/max-
2400, Japan) using Cu Ka radiation.
Fig. 4. TEMmicrographs of WE43 alloy: (a) and (b)images showing the initial as-extruded structure and the
images after HPT processing at half-radius distance from the center of disk; (c) bright-field image and
(d) dark-field image of 5 turns; (e) bright-field image and (f) dark-field image of 10 turns.
2.5. Mechanical Testing
AfterHPTprocessing, thedisksweremounted

andpolished tomirror-like conditions.Eachvalue
of the Vicker microhardness was then recorded
ADVANCED ENGINEERING MATERIALS 2017, 19, No. 3, 1600698 © 2016 WILEY-VCH Ve
using a microhardness tester (HX-1000, Shanghai Changfang
Optical Instrument Co. Ltd, China) equipped with a Vickers
indenter under an applied load of 50g and a dwell time of 12 s.
Two different procedures were used to obtain detailed micro-
hardness values for each disk. First, the microhardness values
were recordedalong thediametersof thedisksusing incremental
distances of 0.3mm. For these values, Hvwas obtained from the
average value of four different hardness measurements,
uniformly located around the selected position at distances of
�0.15mm from the selected point. Second, the values of
microhardnesswere recorded followinga rectilineargridpattern
with incremental distances of 0.3mm between points and
following two sets of parallel lines. Subsequently, all of these
microhardness values were used to plot the hardness distribu-
tions in three-dimensional space.
rlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com (3 of 8) 1600698



Fig. 5. TEMmicrographs of WE43 alloy: (a) dislocations accumulation in the interior of the eqiaxed grains after
extrusion deformation; (b) twins in the interior of the grains after HPT for 5 turns.

D. Liu et al./Microstructure Evolution of HPT-Processed Resorbable WE43 Alloy

F
U
L
L
P
A
P
E
R

Tensile tests were also performed on a microcomputer-
controlled testingmachine (Intron5848, USA) equippedwith a
video extensometer with a strain rate of 0.3min�1 at room
temperature. The tensile gauge lengths and the cross-sectional
areas of the samples were 4mm and (0.78� 0.64)mm2 as
shown in Figure 1, respectively. The yield strength, tensile
strength, and elongation were recorded directly from the
stress-displacement curves.
3. Results and Discussion

3.1. Microstructure
The microstructure and composition distribution of the

WE43 alloy in the as-extruded sample and in disks processed
by HPT are illustrated in Figure 2. Figure 2a shows that the
microstructure of the as-extruded sample, prior to HPT,
consists of equiaxed grains with an average gain size of
�12mm and with some secondary phases along the grain
boundaries. These secondary phases are distributed in a
spotty and intermittent fashion.

As shown in Figure 3 and 2d, the a-Mg matrix phase and
the secondary phases consist of Mg24Y5, Mg41Nd5, and
Fig. 6. The evolution of dislocation structure in WE43 alloy during HPT deformation for 10 turns:
(a) dislocation cell and subboundaries; (b) equiaxed grain.

1600698 (4 of 8) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim A
Mg12Nd as determined by the XRD as well
as EDS. Figure 2b and c show the micro-
structural evolution of the alloy, processed by
HPT near the centers of the disks. In contrast
to the as-extruded sample, no remarkable
change appears in the near center of the disk
after HPT deformation for 5 turns in
Figure 2b, the microstructure of the a-Mg
matrix is not obviously refined, the average
grain size is �10mm and the grain bound-
aries are easily visible.With an increase in the
numbers of rotations, there is grain refine-
ment and the grain size slightly decrease
after HPT through 10 turn in Figure 2c. For
this condition, there is the same secondary
phase along the grain boundaries. This
means that the amount of the secondary
phase increases and the grain boundaries generally become
less distinct with increasing deformation. A similar report of
the formation of diffuse boundaries was described in very
early experiments on metals processed by SPD techniques,
and it was attributed to the formation of non-equilibrium
grain boundaries containing an excess of extrinsic disloca-
tions.[24] No new peaks were generated in the XRD patterns
after HPT processing compared with the as-extruded sample,
and also there was no evidence for the formation of any new
phases.

Increasing the numbers of rotation, the diffraction peak
heights of the a-Mgmatrix phase changed. Thus, the intensity
of the (0002) plane was enhanced and the (10�11) pyramidal
plane was reduced, thereby, indicating that the Mg alloy has a
preferred orientation,[25,26] as shown in Figure 3,Which due to
twins appear after HPT deformation for 5 turns. In addition,
increasing the numbers of rotation, compression deformation
also affects the increase in (0002) intensity. This transforma-
tion leads to a decrease in the available slip systems.

Figure 4 and 5 reveal more detailed microstructural
characteristics consisting of the as-extruded sample and the
disks after HPT processing. Figure 4a and b show TEM
images of the as-extruded sample with the
corresponding SAED pattern, indicating a
gray granular secondary phase with size of
�150–200 nm distributed at the grain
boundaries. Figure 5a reveals the accumu-
lation of a high density of dislocations and
dislocation tangles in the interior of an
equiaxed grain after extrusion. The TEM
microstructures near the one-half radius of
the disks after HPT for 5 and 10 turns are
also shown in Figure 4c–f, respectively. The
SAED pattern, that appears as polycrystal-
line diffraction spots indicates the formation
of sub-grains.[27] The sub-grain size after
HPT for 5 turns is �300–400 nm and it is
further reduced to �200–300 nm after HPT
for 10 turns. There is evidence for
DVANCED ENGINEERING MATERIALS 2017, 19, No. 3, 1600698



Fig. 7. The relationship between microhardness and distance from the center of the disk
for WE43 alloy: After extrusion deformation and after HPT processing for different
numbers of turns.
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deformation twins in the interior of the grain using the SAED
pattern inserted in Figure 5b after HPT for 5 turns, but there
was no evidence for twinning after 10 turns. In practice,
twinning is a significant mechanism for grain refinement
after 5 turns, because the appearance of twins is beneficial for
dislocation glide, since a steady stream of dislocations
generally appears within the twins with increasing shear
strain. Subsequently, the interaction between twinning and
dislocation glide leads to the subdivision of grains and grain
refinement.

When the HPT processing is continued, as shown in
Figure 4e and f, twins gradually disappear. Careful inspection
showed that the dislocation density increases and the
interaction between dislocations, as well as between dis-
locations and grain boundaries, results in the formation of
dislocation accumulations and tangles. Thereafter, there is a
transformation into dislocation cells and sub-grains and the
numbers of dislocation tangles are gradually reduced, as well
as their overall size as shown in Figure 6a. In addition, the
formation of non-equilibrium boundaries and dislocation
cells via dislocations motion gives rise to the subdivision of
grains. Thus, a partial dislocation cell has formed a complete
fine grain near the grain boundary triple point in Figure 6b.
When the shear strain increases to a certain extent, the levels
of microstructural refinement tend to reach a stable condition.

Finally, the occurrence of streaking in both the disk for 5
turns and the disk for 10 turns indicates the presence of
residual stresses in the structure of thesematerials. There have
been several attempts to directly evaluate the nature of the
long-range internal stresses in metals processed using SPD
techniques.[28–30]

3.2. Mechanical Characterization
The Vickersmicrohardness values are shown in Figure 7 for

samples after processing by HPT for 5 and 10 turns, where the
hardness values were recorded along each disk diameter
and the lower microhardness values were measured in the
extruded condition prior toHPT. The average hardness values
of the extruded sample are �95Hv. The results after the HPT
deformation, display a gradual evolution of microhardness
across the disk diameters with different numbers of rotations.
Fig. 8. The 3D microhardness distrubution of WE43 alloy after HPT processing: (a) 5 tu

ADVANCED ENGINEERING MATERIALS 2017, 19, No. 3, 1600698 © 2016 WILEY-VCH Ve
The hardness values in the center of the disk increase to
�109Hv, and there is an increase to�129Hv at the edge of the
disk after processing by HPT for 5 turns. Subsequently, with
an increase in the numbers of torsional rotations, the hardness
values in the center of the disks increase to �113Hv after 10
turns, but the values in the center remain exceptionally low by
comparison with the values at the edge of the disk. These
trends may be displayed in a three-dimensional representa-
tion as shown in Figure 8 for i) 5 and ii) 10 turns. Thus, the
hardness gradually evolves with increasing shear strain
toward a more uniform condition, such that the region of
lower hardness in the center of the disk becomes smaller with
increasing strain.

Essentially, the evolution of hardness values is attributed to
the shear strain accumulation at different positions within
each disk during the deformation process. The largest
deformation is at the specimen edge and the smallest
deformation is at the center of the disk. This suggests, there
will be an inhomogeneity across the disk but, by contrast,
many results show that this inhomogeneity gradually
disappears with increasing deformation. For example, there
is a gradual evolution toward microhardness homogeneity in
numerous metallic alloys, such as Al–4wt%Mg,[31] AZ31,[32]
rns; (b) 10 turns.

rlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com (5 of 8) 1600698



Fig. 9. The stress–strain curves at different conditions consisting of the as-extruded
sample and the disks after processing for 5 and 10 turns.
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Al–6063, and Cu–0.1%Zr.[33,34] A detailed review is now
available by summarizing these trends for a large number of
metals.[35] Furthermore, the evolution toward homogeneity is
consistent with the prediction of strain gradient plasticity
modeling.[36]

For the WE43 alloy, a fully homogeneous hardness
distribution was not achieved even after 10 turns, although
the lower hardness region in the center of the disk tended
to become smaller. There are also some other reports,
where a homogeneous hardness distribution was not
achieved even after large numbers of revolutions of HPT:
For example, a saturation microhardness was not achieved
in a NiTi alloy after 40 turns or in a b-titanium alloy after
50 turns.[37,38]

The mechanical properties of the WE43 alloy samples,
consisting of the extruded sample and the HPT samples with
different numbers of revolutions are presented in Figure 9 and
the results of the tensile testing are listed in Table 1. The
ultimate tensile strength (UTS) and elongation for the
extruded WE43 alloy was �244MPa and 8%, respectively,
due to grain refinement strengthening and solution strength-
ening.[39] Table 1 shows that the elongation of the samples
decreased consistently after HPT for 5 and 10 turns and the
elongations to failure also decreased. There are two reasons
for the decrease in the elongations. First, there is the inevitable
paradox of strength and ductility, which states that strength-
ening by SPDprocessingwill lead to a corresponding decrease
in the measured ductility.[40] Second, the magnesium alloy
shows very brittle characteristics after the deformation of
HPT. Nevertheless, the present results demonstrate a
Table 1. Tensile testing results.

UTS [MPa] Elong [%]

As-extruded 244 8
5T 256 0.5
10T 202 0.5

1600698 (6 of 8) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
significant increase in the tensile strength after hot extrusion
followed by HPT processing. Thus, the UTS was measured as
�256MPa after 5 turns, but subsequently was reduced to
�202MPa after 10 turns.

The overall SEM micrographs of the evolution of the
fracture morphology are shown in Figure 10. Inspection
shows, there are a large of number of dimples and tearing
ridges having different sizes at the fracture surface of the
extruded sample in Figure 10a, thereby, indicating that the
fracture mode is mainly ductile fracture during the stretching
process. As shown in Figure 10b after 5 turns, the presence of
a limited number of dimples and fissures in the cleavage
plane demonstrates that the fracture mode is a mixture of
ductile and brittle fracture. The fractograph of the sample
after 10 turns is shown in Figure 10c, and it is apparent that
there are no dimples and failure occurs by cleavage. Thus,
Fig. 10. WE43 magnesium alloys tensile fracture morphology: (a) extruded sample;
(b) after HPT processing for 5 turns; and (c) after HPT processing for 10 turns.

o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2017, 19, No. 3, 1600698
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4. Summary and Conclusions
1)
ADV
AmagnesiumWE43alloywithaninitialgrainsizeof�12mm
was processed by HPT to produce an ultrafine-grained
microstructure and the sub-grain size is �200–300nm after
10 turns.
2)
 The microhardness values on the surfaces of HPT disks
increased significantly with torsional straining. The
hardness values were low in the central region, but
higher hardness values were recorded at the edges of the
disks. There was a very slow hardness evolution toward a
more homogenous condition and the hardness variation
across the disk was large even after 10 revolutions of
HPT.
3)
 The overall mechanical properties of the WE43 alloy were
changed throughHPT processing. Thus, the UTS increased
from �244 to �256MPa after 5 turns due to fine-grain
strengthening and dislocation strengthening, but it was
reduced to �202MPa after 10 turns because of the
inhibitory effect of grain boundary on dislocation move-
ment decreased. Observations on the fracture surfaces
revealed a corresponding change in fracture fromductile to
brittle.

Abbreviations
HPT high pressure torsion
SPD severe plastic deformation
ECAP equal-channel angular pressing
SEM scanning electron microscope
EDS energy dispersive spectrometer
TEM transmission electron microscopy
SAED selected area electron diffraction
XRD X-ray diffraction
UTS ultimate tensile strength
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